In order to develop a simple and effective activation method of low calcium fly ash concrete (FAC) and to understand their basic properties, the present paper experimentally investigates the influences of the volume of fly ash (FA), the dosage of the activator (AC) and the water to binder ratio (w/b) on the hydration, setting times and the crack-resistance properties of activated FACs. Results verify that increasing FA can effectively reduce the hydration heat of the FA-cement system and increase the setting time of FACs, as well as indicate that FA can delay the occurrence of the initial crack and reduce the maximum width and total area of cracks in these concretes through a new quantitative test. The curing time of concrete affects the hydration heat of FA paste with/without AC. When the curing time of FAC increases, the decrease in amplitude of hydration heat reduces gradually. Additionally, it was found that the used ACs can effectively stimulate the activity of FA in Portland cement (PC) systems, which reduces their setting time slightly. However, high dosages of ACs also accelerate the development of early cracks in the FACs, as well. According to the study, the combined activator (10% CaO + 1.5% Na 2 SO 4 ) was suggested as the most effective way to promote FA-PC concrete for obtaining acceptable properties at early stages. Besides, the existing calculation model for predicting the setting times of FACs was examined and modified to be more suitable to FACs activated by 10% CaO + 1.5% Na 2 SO 4 . The proposed model was verified and can evaluate the experimental results well.
Introduction
With the development of the economy worldwide and the large production of fly ash (FA), as a by-product of various industries, such as thermal power stations, FA has been concerned as one of the potential alternatives of conventional cementitious materials (i.e., mainly Portland cement (PC)) or a part-replacement material of PC to propel eco-concrete since the 1930s. This is attributed to the fact that a number of researchers have attempted to solve/reduce to a large degree an unavoidable problem caused by the manufacturing of PC: its large amount of carbon dioxide (CO 2 ) emission. As a construction material, the application of FA in concretes can improve the greenhouse effect of Earth's atmosphere caused by the large amount of the emission of CO 2 via reducing the utilization of PC in concretes and decrease natural environment pollution by decreasing the floating of FA in the air to 
Mix Proportion Details
All concrete mixes in this study used a reasonable accurate mass of Portland cement, fine and coarse aggregates, fly ash and water. Besides, to obtain a more reasonable workability of concrete, an admixture, FN-S2 high efficiency water reducing agent (liquid), was also added into the concrete. In all concrete specimens, natural crushed stones with a maximum size of 20 mm and natural river sands with a fineness modulus of 2.9 were used as the coarse and fine aggregate, respectively. The mix proportions of specimens are listed in Tables 2 and 3 . In this paper, Na 2 SiO 3 , CaCl 2 and Na 2 SO 4 were used in the concretes as the main activators to promote the reaction of fly ash in concrete. Meanwhile, little lime (CaO) (10% of cement mass) was used in all concrete specimens to obtain the appropriate strength of concrete. Because CaO is an effective activator to improve the production of Ca(OH) 2 in the low calcium FAC [13] , from here, the emphasis of the study focuses on the effect of Na 2 SiO 3 , CaCl 2 and Na 2 SO 4 . The ACs in the present paper mean the three main activators. On the other hand, for the paste specimen, CaO was not used in this study. There are three specimens that were made for each concrete or paste. All of the tested specimens were cured in a moist chamber with a relative humidity of 90%-95% and a temperature of 18-22˝C until the curing age of testing. In Tables 2 and 3 , the concrete specimen of CX-FAY-ACZ means that the FAC uses a concrete with the designed compressive strength of X MPa, an FA with a mass time of Y to cement and uses Z-type AC. The paste specimen FAx-ACy means an FAC paste was made with x% FA (mass of cement) and is activated by y% AC (by mass of binder). 
Test Variables
In this study, to investigate the effect of the main variables on the hydration heat of the FA-PC system and the setting time and crack-resistance performance of FACs and HVFACs, specimens with multi-series variables were designed. In the study, HVFACs is defined as FAC using fly ash to replace at least 50% of the mass of cement.
Group 1 for the hydration heat test of the FA-PC system: mass of FA (0%-70% of cement) and dosage of AC (0%-2.0% of bind materials' mass).
Group 2 for the setting time or strength test of FACs: mass of FA (0%-70% of cement), type and dosage of main AC (AC1: Na 2 SiO 3 ; AC2: Na 2 SO 4 ; AC3: CaCl2 with 0%-2.0% of the binding materials' mass).
Group 3 for the crack-resistance test of FACs: mass of FA (0%-70% of cement), dosage of AC (0%-2.0% of the binding materials' mass).
Instruments and Test Methods

Compressive Strength Test
Three cube specimens with a size of 100 mmˆ100 mmˆ100 mm were used for each mix proportion to test the compressive strength of concrete. All presented measured strengths of concrete are the mean values of the corresponding three specimens.
Hydration Heat
Based on the test methods to evaluate the hydration heat of cement (GB/T12959-2008) [30] , the hydration heats of the FAC specimens are measured by a cement hydration heat detector (SHR-650II). The method is based on the thermo-chemical heat of hydration of Hess' law, i.e., the heating effect of the chemical reaction is only associated with the initial state and final state of the tested system regardless of its reaction path. The ASTM C186 [31] uses a similar method to measure hydration heat. When the calorimeter temperature is kept at a constant level, the hydration heat of the tested cement under certain curing ages is defined as the difference between the measured Appl. Sci. 2016, 6, 224 5 of 18 solution heat, from the dissolving heat of un-hydrate cement (H 1 ) and hydrated cement (H 2 ) via using a certain concentration of standard acid. The method and instrument for testing hydration heat are illustrated in Figure 1. 
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Setting Time
In this paper, the instrument and process for measuring the setting time of concrete are shown in Figure 2 , according to the Chinese standard test method, called the performance on ordinary fresh concrete, GB/T50080-2002 [32] . FAC/HVFAC specimens firstly were sifted form an FA paste by a standard sieve with the holes having a diameter of 5 mm, which was used for the subsequent test of penetration resistance. As shown in Figure 2 , according to the test results, the penetration resistance pressure (P), stylus area (A) and test time (t) can be obtained, which can determine the initial setting time of FAC/HVFAC by linear regression and based on the theoretic penetration pressure of 3.5 MPa corresponding to the setting time of concrete. Similarly, the final setting time of specimens can be obtained when the theoretic penetration pressure was assumed as 28 MPa. To research the setting time, the concretes with water/binder (w/b) of 0.41 and different dosage of ACs and FA were used. To evaluate the hydration heat of various kinds of fly ash-cement systems under different conditions, the mix proportion details of FAC paste are listed in Table 3 . The mass of FA in the binder of concretes/pastes changes from 0%-70% of PC, and the activation of FA-PC was completed by using chemical activator of Na 2 SO 4 with 1.0, 1.5 or 2.0% of the binder materials' mass.
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Crack-Resistance Test
As shown in Figure 3 , in order to evaluate the crack-resistance of FACs, the instruments and standard testing methods for measuring the crack-resistance capacity of fiber-reinforced concrete (CECS 13-2009) [33] were used in this paper. In the ASTM test methods, ASTM C1581 [34] and C1579 [35] are similar methods; however, they focus on shrinkage cracking. The entire specimens in the crack resistance test are square concrete plates with a size of 600 mm × 600 mm × 63 mm and using 
As shown in Figure 3 , in order to evaluate the crack-resistance of FACs, the instruments and standard testing methods for measuring the crack-resistance capacity of fiber-reinforced concrete (CECS [33] were used in this paper. In the ASTM test methods, ASTM C1581 [34] and C1579 [35] are similar methods; however, they focus on shrinkage cracking. The entire specimens in the crack resistance test are square concrete plates with a size of 600 mmˆ600 mmˆ63 mm and using coarse aggregates with a maximum size of 20 mm. To construct the concrete plates, a welded steel mold constituted of four U-steel with the size of 63 mmˆ40 mmˆ6.3 mm was set on a steel plate with a thickness of 5 mm, as shown in Figure 3 . Along the internal side of each U-steel, two rows of steel bolts were fixed at a spacing of 60 mm. Before constructing the concrete plate, two layers of plastic films were laid on the bottom of the steel plate. The production of the concrete specimen needs to be plain to ensure that the concrete plate has no vertical deformation during its curing and measuring. For the measure process of crack development, firstly, all specimens were immediately dried by an electric fan at 30 min after they were constructed. The wind speed was kept as 5 m/s at the parallel direction of the specimen surface. These specimens were cured at a room with a room temperature of 18-22˝C and a relative humidity of 55%-65%. 
As shown in Figure 3 , in order to evaluate the crack-resistance of FACs, the instruments and standard testing methods for measuring the crack-resistance capacity of fiber-reinforced concrete (CECS [33] were used in this paper. In the ASTM test methods, ASTM C1581 [34] and C1579 [35] are similar methods; however, they focus on shrinkage cracking. The entire specimens in the crack resistance test are square concrete plates with a size of 600 mm × 600 mm × 63 mm and using coarse aggregates with a maximum size of 20 mm. To construct the concrete plates, a welded steel mold constituted of four U-steel with the size of 63 mm × 40 mm × 6.3 mm was set on a steel plate with a thickness of 5 mm, as shown in Figure 3 . Along the internal side of each U-steel, two rows of steel bolts were fixed at a spacing of 60 mm. Before constructing the concrete plate, two layers of plastic films were laid on the bottom of the steel plate. The production of the concrete specimen needs to be plain to ensure that the concrete plate has no vertical deformation during its curing and measuring. For the measure process of crack development, firstly, all specimens were immediately dried by an electric fan at 30 min after they were constructed. The wind speed was kept as 5 m/s at the parallel direction of the specimen surface. These specimens were cured at a room with a room temperature of 18-22°C and a relative humidity of 55%-65%. The time of initial crack (Tcr) was defined as when the first crack was visible by the naked eye at the specimen surface. The length and width of each crack were measured to evaluate the crack resistance capacity at 0.5 h, 1.5 h, 3.5 h and 27.5 h after the time of the initial crack, respectively. The The time of initial crack (Tcr) was defined as when the first crack was visible by the naked eye at the specimen surface. The length and width of each crack were measured to evaluate the crack resistance capacity at 0.5 h, 1.5 h, 3.5 h and 27.5 h after the time of the initial crack, respectively. The widths of cracks were measured by reading a microscope with a division value of 0.005 mm. The area of the crack was defined as the multiplication of the length and width of each crack.
Experimental Results and Observation
Compressive Strength
Due to the endeavored studies focusing on the compressive strength of fly ash concrete having been conducted adequately, this paper mainly discusses the effect of ACs on the strength of FACs at different curing times. Experimental results show that the activator type has a significant effect on the compressive strength of FAC, as shown in Figure 4 . Regardless of the w/b ratio of concrete (e.g., C40 and C60 in Figure 4 ), compared to other activators, the activity effectiveness from a compound consisting of Na 2 SO 4 (AC2) is higher than others with a dosage of 1.5%. With increasing curing time, under the promotion of activator Na 2 SO 4 in FA in concrete, the compressive strength of FACs also can attain 92% of one of the conventional concretes at the 90th day. This exhibits the positive effect of activators on the strength development of FAC at the later stage. However, this is different with the curing age of 28 days of conventional concretes, which usually reach a relatively stable compressive strength level.
Based on the above, in the following sections, this paper will focus on the investigation and analyses of FACs activated by sodium sulfate (Na 2 SO 4 ).
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As shown in Figure 6 , the type and dosage of AC both have a significant influence on the setting time and other properties of FACs, especially the ones at early stages. Compared to the control 
As shown in Figure 6 , the type and dosage of AC both have a significant influence on the setting time and other properties of FACs, especially the ones at early stages. Compared to the control concrete, the concretes contain the chemical agents sodium silicate (Na 2 SiO 3 ), calcium chloride (CaCl 2 ) and sodium sulfate (Na 2 SO 4 ), all having lower initial setting times, decreasing with degrees of 7.8%, 9.8% and 21.0%, respectively. Similarly, their final setting times decrease by 4%, 7% and 20%, respectively. This can be explained by Na 2 SO 4 being able to promote the hydration reaction with active Al 2 O 3 and SiO 2 in fly ash and being able to increase the hydration products of cement and lime to form hydrated calcium aluminate and hydrated calcium silicate, which is helpful to enhance the overall hydration reaction rate of the system and shorten the setting time of concretes. Subsequently, to investigate the more detailed effect of the activator of Na 2 SO 4 , using an FAC with 20% of FA and activated by Na 2 SO 4 , as shown in Figure 6 , the effects of the dosage of Na 2 SO 4 on the initial and final setting times of FACs were provided. The result shows that the initial and final setting times of FACs both decrease with the dosages of AC, especially for the final setting time. When the dosage of AC is 2% of cement, the final setting time of FAC is only 47% of the one of the FAC without AC. Results from the above analyses can illustrate that Na 2 SO 4 can effectively promote the hydration action of HVFAC and reduce the setting time. In other words, the setting time of FAC can be adjusted through controlling the dosage of the activator Na 2 SO 4 in FACs. 
As shown in Figure 6 , the type and dosage of AC both have a significant influence on the setting time and other properties of FACs, especially the ones at early stages. Compared to the control concrete, the concretes contain the chemical agents sodium silicate (Na2SiO3), calcium chloride (CaCl2) and sodium sulfate (Na2SO4), all having lower initial setting times, decreasing with degrees of 7.8%, 9.8% and 21.0%, respectively. Similarly, their final setting times decrease by 4%, 7% and 20%, respectively. This can be explained by Na2SO4 being able to promote the hydration reaction with active Al2O3 and SiO2 in fly ash and being able to increase the hydration products of cement and lime to form hydrated calcium aluminate and hydrated calcium silicate, which is helpful to enhance the overall hydration reaction rate of the system and shorten the setting time of concretes. Subsequently, to investigate the more detailed effect of the activator of Na2SO4, using an FAC with 20% of FA and activated by Na2SO4, as shown in Figure 6 , the effects of the dosage of Na2SO4 on the initial and final setting times of FACs were provided. The result shows that the initial and final setting times of FACs both decrease with the dosages of AC, especially for the final setting time. When the dosage of AC is 2% of cement, the final setting time of FAC is only 47% of the one of the FAC without AC. Results from the above analyses can illustrate that Na2SO4 can effectively promote the hydration action of HVFAC and reduce the setting time. In other words, the setting time of FAC can be adjusted through controlling the dosage of the activator Na2SO4 in FACs. Figure 7a shows the effect of FA on the hydration heat of the FA-PC system with w/b of 0.41 and without any activator. It can be found that the hydration heat of the FA-PC system decreases with the increasing of the FA content. FA can reduce the hydration heat of FA-PC mixtures significantly, especial at early stages. In this figure, when the mass replacement of FA is 20% of PC, the hydration heats of the mixtures can be reduced by 28%, 16% and 13% of the ones of the control concrete specimens at 1, 3 and 7 days, respectively. Besides, the decrease in the amplitude of the hydration heat of all of the mixtures decreases with curing ages. Additionally, as shown in the figure, when the replacement mass of FA increases, the maximum reduction amplitudes of hydration heat are 51%, 38% and 35% for the mixtures at 1, 3 and 7 days, respectively. This verified that FA can effectively decrease the release of the hydration heat of concrete, especially at the early age, which is very important to mass concretes. On the other hand, the heat difference between one day and three days verifies that the main heating occurs at the early stage.
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Effect of Dosage of AC
As some representatives, the effect of dosages of AC (Na2SO4) on the hydration heat of FA-PC systems with a w/b of 0.41 and an FA replacement ratio of 40% is presented in Figure 7b . At the same curing age, an increasing dosage of Na2SO4 can make the hydration heat of FA-PC systems linearly increase with a similar ascending trend, i.e., the ones at 1, 3 and 7 days. Besides, the increase in the magnitudes of hydration heats of concrete are 25%, 19% and 20% at curing ages of 1, 3 and 7 days when the dosages of Na2SO4 ranged from 0-2.0%, respectively. Furthermore, the increase of hydration heats caused by increasing the AC dosage becomes more stable when the curing ages of FA-PC system with Na2SO4 increases. In addition, when the dosage of AC is the same level, the curing age also affects the increase of the hydration heat of the FA-PC system evidently. For example, when the curing age ranged from 1-3 days, the hydration heat FACs without Na2SO4 and using 2.0% of Na2SO4 increased by 50% and 43%, respectively. When the curing age ranged from 3-7 days, however, the hydration heats of FACs with 0% and 2.0% Na2SO4 increased by 15% and 16%, respectively. This indicates that Na2SO4 effectively stimulates the activity of fly ash and promotes hydration reactions in concrete, which then results in an increase of the hydration heat of the FA-PC system at the early age. On the other hand, as shown in Figure 7 , as the FAC without activator, the hydration heating of FAC using Na2SO4 occurred mainly within the curing age of 1-3 days, e.g., the heating has increased more from the first to third day with/without activator than the one from 3-7 days.
Initial Crack-Resistance Capacity of FAC/HVFAC
In the study, the initial crack-resistance capacity of FACs/HVFACs is investigated via studying and comparing the time of initial crack, total crack area and the maximum crack width of FAC/HVFAC specimens. 
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Initial Crack-Resistance Capacity of FAC/HVFAC
In the study, the initial crack-resistance capacity of FACs/HVFACs is investigated via studying and comparing the time of initial crack, total crack area and the maximum crack width of FAC/HVFAC specimens.
General Pattern
The crack patterns of FAC specimens at 27.5 h after initial crack time (Tcr) are shown in Figures 8  and 9 . The results show that the used mass of fly ash and the dosage of AC Na 2 SO 4 both affect significantly the crack pattern and development of FACs. The amount of the cracks decreases with the increasing of the mass of FA or the dosage of AC Na 2 SO 4 ; crack distributions get more dispersive, as well. On the whole, the crack number of the specimens becomes less, and their distribution areas become smaller when the mass of fly ash or AC Na 2 SO 4 increases.
The crack patterns of FAC specimens at 27.5 h after initial crack time (Tcr) are shown in Figures 8 and 9 . The results show that the used mass of fly ash and the dosage of AC Na2SO4 both affect significantly the crack pattern and development of FACs. The amount of the cracks decreases with the increasing of the mass of FA or the dosage of AC Na2SO4 
Time of Initial Cracks
The time of the initial crack of concrete is a very important factor that affects significantly the durability life of RC structures, especially external initial cracks, which can sharply increase the corrosion rate of concrete [36] . Figure 9 shows the effects of the mass of FA and AC Na2SO4 on the time of initial cracks in FACs/HVFACs. It is found that increasing FA postpones the occurrence of initial cracks, especially for HVFACs. The use of 70% of FA delays the initial crack time of FAC without activator to 600 min, which is two-times the one obtained in conventional concrete. On the other hand, as shown in Figure 10b , the increase of the dosage of AC Na2SO4 has resulted in the decrease of the initial time of crack, which means more AC Na2SO4 makes FACs easily crack at initial stages, though they improve the early properties of concrete. For instance, when the dosage of Na2SO4 reaches 2% of the cementitious material in concrete, the initial crack time of FAC using 40% FA has been shortened by 70 minutes compared to the one without activator. This implies that though AC can make FA in PC concrete have higher activity and improve the hydration of the FA-PC system, its dosage should be controlled to avoid the earlier emergence of the initial crack in the concretes. The 
The time of the initial crack of concrete is a very important factor that affects significantly the durability life of RC structures, especially external initial cracks, which can sharply increase the corrosion rate of concrete [36] . Figure 9 shows the effects of the mass of FA and AC Na2SO4 on the time of initial cracks in FACs/HVFACs. It is found that increasing FA postpones the occurrence of initial cracks, especially for HVFACs. The use of 70% of FA delays the initial crack time of FAC without activator to 600 min, which is two-times the one obtained in conventional concrete. On the other hand, as shown in Figure 10b , the increase of the dosage of AC Na2SO4 has resulted in the decrease of the initial time of crack, which means more AC Na2SO4 makes FACs easily crack at initial stages, though they improve the early properties of concrete. For instance, when the dosage of Na2SO4 reaches 2% of the cementitious material in concrete, the initial crack time of FAC using 40% FA has been shortened by 70 minutes compared to the one without activator. This implies that though AC can make FA in PC concrete have higher activity and improve the hydration of the FA-PC system, its dosage should be controlled to avoid the earlier emergence of the initial crack in the concretes. 
The time of the initial crack of concrete is a very important factor that affects significantly the durability life of RC structures, especially external initial cracks, which can sharply increase the corrosion rate of concrete [36] . Figure 9 shows the effects of the mass of FA and AC Na 2 SO 4 on the time of initial cracks in FACs/HVFACs. It is found that increasing FA postpones the occurrence of initial cracks, especially for HVFACs. The use of 70% of FA delays the initial crack time of FAC without activator to 600 min, which is two-times the one obtained in conventional concrete. On the other hand, as shown in Figure 10b , the increase of the dosage of AC Na 2 SO 4 has resulted in the decrease of the initial time of crack, which means more AC Na 2 SO 4 makes FACs easily crack at initial stages, though they improve the early properties of concrete. For instance, when the dosage of Na 2 SO 4 reaches 2% of the cementitious material in concrete, the initial crack time of FAC using 40% FA has been shortened by 70 min compared to the one without activator. This implies that though AC can make FA in PC concrete have higher activity and improve the hydration of the FA-PC system, its dosage should be controlled to avoid the earlier emergence of the initial crack in the concretes. Figure 11 shows that the total cracked areas of concretes decrease evidently when the mass of FA increase, especially for the specimens with a longer curing time. For control concretes, the total area of cracks at 1.5 h after the occurring of initial cracks (Tcr + 1.5 h) increases remarkably to eight-times the one corresponding to that at the initial crack time (Tcr). When FA is added into PC concrete, the total areas of the cracks start to decrease, and the decreased amplitude becomes more significant after Tcr + 1.5 h, especially in HVFAC specimens. The total cracked area of FAC at Tcr + 27.5 h is only 18% of that of conventional concrete when concrete uses FA to replace 70% of cement. Moreover, with the increase of FA in concrete, the increased rates of total crack areas caused by the increase of curing time decrease obviously. For example, in the control concrete and FAC specimen using 70% FA, the increased levels of their total crack areas are 7.13-and 4.30-times when the curing time ranged from Tcr to Tcr + 27.5 h, respectively. On the other hand, as plotted in Figure 11 , it is found that when the same dosage of AC Na2SO4 is added into FAC, the total cracked areas increase smoothly in FACs with/without AC Na2SO4 as the increase of curing time. However, when the dosage of AC increases, the total areas of cracks increase gradually with the similar increased magnitude for all tested specimens. As described previously, it also indicated that the use of AC (Na2SO4) in FAC should be carefully decided for the cracking.
Even though concrete can work with a suitable amount of cracks, too wide of a crack also can make concrete structures be subjected to serious safety problem. Figure 12 shows the maximum crack widths of FACs. Similar to the effect of FA content on the total cracked area of FAC, FA affects the maximum crack width significantly, and the maximum crack widths decrease when the used mass of FA increases. Under the same curing time, the crack width decrease rates of FAC specimens Figure 11 shows that the total cracked areas of concretes decrease evidently when the mass of FA increase, especially for the specimens with a longer curing time. For control concretes, the total area of cracks at 1.5 h after the occurring of initial cracks (Tcr + 1.5 h) increases remarkably to eight-times the one corresponding to that at the initial crack time (Tcr). When FA is added into PC concrete, the total areas of the cracks start to decrease, and the decreased amplitude becomes more significant after Tcr + 1.5 h, especially in HVFAC specimens. The total cracked area of FAC at Tcr + 27.5 h is only 18% of that of conventional concrete when concrete uses FA to replace 70% of cement. Moreover, with the increase of FA in concrete, the increased rates of total crack areas caused by the increase of curing time decrease obviously. For example, in the control concrete and FAC specimen using 70% FA, the increased levels of their total crack areas are 7.13-and 4.30-times when the curing time ranged from Tcr to Tcr + 27.5 h, respectively. Figure 11 shows that the total cracked areas of concretes decrease evidently when the mass of FA increase, especially for the specimens with a longer curing time. For control concretes, the total area of cracks at 1.5 h after the occurring of initial cracks (Tcr + 1.5 h) increases remarkably to eight-times the one corresponding to that at the initial crack time (Tcr). When FA is added into PC concrete, the total areas of the cracks start to decrease, and the decreased amplitude becomes more significant after Tcr + 1.5 h, especially in HVFAC specimens. The total cracked area of FAC at Tcr + 27.5 h is only 18% of that of conventional concrete when concrete uses FA to replace 70% of cement. Moreover, with the increase of FA in concrete, the increased rates of total crack areas caused by the increase of curing time decrease obviously. For example, in the control concrete and FAC specimen using 70% FA, the increased levels of their total crack areas are 7.13-and 4.30-times when the curing time ranged from Tcr to Tcr + 27.5 h, respectively. On the other hand, as plotted in Figure 11 , it is found that when the same dosage of AC Na2SO4 is added into FAC, the total cracked areas increase smoothly in FACs with/without AC Na2SO4 as the increase of curing time. However, when the dosage of AC increases, the total areas of cracks increase gradually with the similar increased magnitude for all tested specimens. As described previously, it also indicated that the use of AC (Na2SO4) in FAC should be carefully decided for the cracking.
Total Cracked Area and Maximum Width of Cracks in FACs
Even though concrete can work with a suitable amount of cracks, too wide of a crack also can make concrete structures be subjected to serious safety problem. Figure 12 shows the maximum crack widths of FACs. Similar to the effect of FA content on the total cracked area of FAC, FA affects the maximum crack width significantly, and the maximum crack widths decrease when the used mass of FA increases. Under the same curing time, the crack width decrease rates of FAC specimens On the other hand, as plotted in Figure 11 , it is found that when the same dosage of AC Na 2 SO 4 is added into FAC, the total cracked areas increase smoothly in FACs with/without AC Na 2 SO 4 as the increase of curing time. However, when the dosage of AC increases, the total areas of cracks increase gradually with the similar increased magnitude for all tested specimens. As described previously, it also indicated that the use of AC (Na 2 SO 4 ) in FAC should be carefully decided for the cracking.
Even though concrete can work with a suitable amount of cracks, too wide of a crack also can make concrete structures be subjected to serious safety problem. Figure 12 shows the maximum crack widths of FACs. Similar to the effect of FA content on the total cracked area of FAC, FA affects the maximum crack width significantly, and the maximum crack widths decrease when the used mass of FA increases. Under the same curing time, the crack width decrease rates of FAC specimens without AC Na 2 SO 4 caused by the increase of FA content are similar. Additionally, the decrease of the amplitudes also is similar when FACs have the same curing time (after the initial crack) and without AC (Na 2 SO 4 ). On the contrary, for the effect of AC, when the dosage of AC increased, the maximum crack widths of all specimens increase gradually. At the same curing time, the increase in the amplitudes of the maximum crack width of these FACs is similar. Meanwhile, these increased amplitudes all become stable when the dosage of AC (Na 2 SO 4 ) exceeds 1.5% of the binder in the concretes.
Appl. Sci. 2016, 6, 224 12 of 18 without AC Na2SO4 caused by the increase of FA content are similar. Additionally, the decrease of the amplitudes also is similar when FACs have the same curing time (after the initial crack) and without AC (Na2SO4). On the contrary, for the effect of AC, when the dosage of AC increased, the maximum crack widths of all specimens increase gradually. At the same curing time, the increase in the amplitudes of the maximum crack width of these FACs is similar. Meanwhile, these increased amplitudes all become stable when the dosage of AC (Na2SO4) exceeds 1.5% of the binder in the concretes. Figure 12 . Effect of the mass of FA and dosage of AC (Na2SO4) on crack width.
Microstructure Analyses
The microstructure of concrete is very significant to the strength and durability properties of concrete. Figure 13 shows the SEM pictures of the FACs using different FA contents or AC dosages. The result shows that the control concrete has a compact internal structure because more hydration production can be provided from the PC hydration reaction. This is very helpful for the early strength development of concrete, but the hydration heat should be paid attention to in this concrete, as described previously. When FA replaced 50% of PC or more, many un-hydrated FA particles and less hydration production were observed. At the same time, the concretes using 50% or more FA present low compactness, large porosity and some micro-cracks, which then all affect the strength development of the concrete. In particular, when the FA content was 70% of PC, the hydration degree of the system is significantly lower than the control one, and many raw fly ashes exist as separate particles, so a loose internal structure was provided. On the other hand, when FACs used 20%-40% FA, the Pozzolanic and micro-aggregate effects of FA make FACs obtain a complete hydration reaction and high compactness internal structures when FA increases. On the other hand, from the viewpoint of the packaging of FA particles, when the FA content was controlled to be less than 30% of PC, many hydration productions can wrap the FA particles well, which makes concrete obtain a compact internal structures and good strength development. In addition, when HVFACs (FA = 50% of PC) were activated by AC Na2SO4, with the increase of AC Na2SO4, concrete compactness, hydration production and the wrapping degree of FA particles all have been improved. However, when the dosage of Na2SO4 exceeds 1.5% of PC, the internal porosity of concrete increases strikingly, which affects the development of concrete strength and durability. Based on the above analyses, to obtain a better early strength and properties, the application ratios of FA and AC Na2SO4 should be designed as up to about 40% and 1.5% of PC, respectively. This design method can be called a stable utilization zone of FA in concretes. Comparing to this, when using more FA in concrete, such as 50% of PC, a potential utilization zone of FAC activated by the chemical agent is expected in future research. 
The microstructure of concrete is very significant to the strength and durability properties of concrete. Figure 13 shows the SEM pictures of the FACs using different FA contents or AC dosages. The result shows that the control concrete has a compact internal structure because more hydration production can be provided from the PC hydration reaction. This is very helpful for the early strength development of concrete, but the hydration heat should be paid attention to in this concrete, as described previously. When FA replaced 50% of PC or more, many un-hydrated FA particles and less hydration production were observed. At the same time, the concretes using 50% or more FA present low compactness, large porosity and some micro-cracks, which then all affect the strength development of the concrete. In particular, when the FA content was 70% of PC, the hydration degree of the system is significantly lower than the control one, and many raw fly ashes exist as separate particles, so a loose internal structure was provided. On the other hand, when FACs used 20%-40% FA, the Pozzolanic and micro-aggregate effects of FA make FACs obtain a complete hydration reaction and high compactness internal structures when FA increases. On the other hand, from the viewpoint of the packaging of FA particles, when the FA content was controlled to be less than 30% of PC, many hydration productions can wrap the FA particles well, which makes concrete obtain a compact internal structures and good strength development. In addition, when HVFACs (FA = 50% of PC) were activated by AC Na 2 SO 4 , with the increase of AC Na 2 SO 4 , concrete compactness, hydration production and the wrapping degree of FA particles all have been improved. However, when the dosage of Na 2 SO 4 exceeds 1.5% of PC, the internal porosity of concrete increases strikingly, which affects the development of concrete strength and durability. Based on the above analyses, to obtain a better early strength and properties, the application ratios of FA and AC Na 2 SO 4 should be designed as up to about 40% and 1.5% of PC, respectively. This design method can be called a stable utilization zone of FA in concretes. Comparing to this, when using more FA in concrete, such as 50% of PC, a potential utilization zone of FAC activated by the chemical agent is expected in future research. 
Models and Discussion
Existing Method for Predicting the Setting Time of FACs: Brooks Model
Based on a theoretical initial spacing between the particles of un-hydrated cementitious material and the rate of growth of the hydration products, Brooks [37] proposed a model for predicting the initial setting time (TI) of concrete with and without fly ash, as shown in Equation (1) . In this model, the following factors have been considered to quantify: the fineness and specific gravity of cementitious material, water/binder ratio, temperature and the chemical composition of the blended cement. Meanwhile, according to this model, the final setting times (TF) of FACs are linearly related to their initial times with a low error coefficient that can be given by Equation (2) .
Initial time:
Where: RIS: relative initial setting time; RKT: relative rate coefficient taking into account the effect of temperature on setting; k: a rate coefficient that represents the rate of growth of the initial hydration; Sbc: the specific surface area of the blended cement; 1/γbc: the volume of blended cementitious materials per g; w/c: water/cement ratio;
Final time: 
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Existing Method for Predicting the Setting Time of FACs: Brooks Model
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where: R IS : relative initial setting time; R KT : relative rate coefficient taking into account the effect of temperature on setting; k: a rate coefficient that represents the rate of growth of the initial hydration; S bc : the specific surface area of the blended cement; 1/γ bc : the volume of blended cementitious materials per g; w/c: water/cement ratio;
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In Equation (1), a combined specific gravity of the FA-PC system should be used as the form of the volume of blended cementitious material per g (1/γ bc ), which is calculated as Equation (3). It should be noted, according to the selected FA and cement, that the volume ratio of FA in this equation is 0.8-times its mass ratio.
where R is the mass percentage of the mineral admixture replacing cement. γ ma is the specific gravity of the mineral admixture. For this model, the specific surface area of blended cement S bc will be considered as the ratio of FA (R) and the total surface area of cement (S c ) in concrete, as given in Equation (4) . In this paper, the specific surface of mineral admixture (FA) S ma can be obtained from previous studies [4, 9] , which is related to the fineness of the mineral admixture given as the percentage retained on a 45-µm sieve which is given as,
rS c p100´Rq`S ma Rs (4)
S ma "´425`9.5`100´P µ45˘ ( 5) Besides, Brooks' model considered that the setting rate coefficient can be presented as a consistent trend when the chemical composition of blended cement was described as a blend oxide ratio, CaO/(SiO 2 + Al 2 O 3 + Fe 2 O 3 ), which is shown as Equation (6) . In this study, little lime (CaO) (10% of cement mass) is considered in the calculation of this oxide ratio, as well.
At the same time, the effects of temperature (T) and the dosages of a highly-effective water-reducing admixture (D) on the hydration heat of FAC have been considered in the model, via using two factors, R KT and R IS , shown in Equation (1), given in Equations (7) and (8), respectively.
R IS " 1`0.038D
1.73 (8) In this study, the specific gravity of Portland cement and FA are taken as 3.14 and 2.42, respectively. The fineness of cement and the temperature of concrete construction are taken as 350 m 2 /kg and 26˝C, respectively. Because the effect of AC on setting had not been taken into account in Brooks' model, the predicted setting times with the increasing FA will overestimate the corresponding experimental setting times in theory. These actions mainly are expressed as the effect of CaO at the initial stage and the one of AC Na 2 SO 4 at the late stage. For this, the predicted setting times based on the above model and the experimental data of the specimens with ACs CaO (10%) and Na 2 SO 4 (1.5%) were used in this research. Results in Figure 14 verified the over-evaluation, especially in HVFACs, and the predictions are higher with a similar degree based on the experimental results.
Therefore, for FACs with 10% CaO and 1.5% activator Na 2 SO 4 , based on the experimental observations in this paper (see Figure 14) , the following calculation formulas for predicting the setting times of FAC are proposed based on the above model. For simplicity, the initial setting time of FAC can be considered as 80% of the ones in Brooks' model, and its finial setting time is taken as 1.3-times the proposed initial setting time , i.e.:
Initial setting time of FAC activated CaO (10%) and Na 2 SO 4 (1.5%)-T I-ac :
Final setting time of FAC activated CaO (10%) and Na2SO4 (1.5%)-T F-ac :
Using the proposed Formulas 9 and 10, the initial and final setting times of FACs can be calculated, and a good agreement is obtained between the predictions and test data, as shown in Figure 14 Comparing to the original Brooks, this model improves the evaluation of the initial and final setting time of the FACs activated by AC Na 2 SO 4 (1.5%), especially the ones of HVFACs. 
Final setting time of FAC activated CaO (10%) and Na2SO4 (1.5%)-TF-ac:
Using the proposed Formulas 9 and 10, the initial and final setting times of FACs can be calculated, and a good agreement is obtained between the predictions and test data, as shown in Figure 14 Comparing to the original Brooks, this model improves the evaluation of the initial and final setting time of the FACs activated by AC Na2SO4 (1.5%), especially the ones of HVFACs. 
Mechanism Analysis of Crack-Resistance of FAC Using Na2SO4
As described previously, the use of FA in concrete improves the crack devolvement of the concrete at the early age effectively, such as postponing the time of wider cracks or delaying cracks and reducing the total cracked area. On the other hand, moderate CaO and Na2SO4 promote FA in FACs to obtain better strength development and setting time, but also increase the hydration and cracking of concrete, as well. Therefore, the authors suggest using about up to 50% FA and 10% CaO + 1.5% Na2SO4 can make FACs more acceptable and have better comprehensive properties. In summary, based on this and previous studies, the crack-resistance mechanism of FACs can be explained from the following four aspects, shown in Figure 15 .
Filling effect of FA: Comparing to the particles of Portland cement, FA particles with smaller diameters can fill the fissures between aggregates and pores, which then can improve the compactness of concrete and reduce its porosity, and can affect the development of potential crack, shown as ❶ in Figure 15 .
Chemical effect of FA: FA can generate more hydrated calcium silicate (C-S-H) and hydrated calcium aluminate in concrete to improve the compactness and hardness of concrete as the increase of curing time. The process reduces the effective water/binder of concrete and improves the compactness of concrete, shown as ❷ in Figure 15 .
Lubrication action of FA: As described previously, FA can improve the workability of concrete, which then avoids the excessive concentration of coarse aggregates and un-hydrated cement. This can mitigate the internal deformation of the mixture caused by the internal stress generated from the uneven distribution of coarse aggregates, especially for the mixture around these aggregates, shown as ❸ in Figure 15 
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Lubrication action of FA: As described previously, FA can improve the workability of concrete, which then avoids the excessive concentration of coarse aggregates and un-hydrated cement. This can mitigate the internal deformation of the mixture caused by the internal stress generated from the uneven distribution of coarse aggregates, especially for the mixture around these aggregates, shown as ❸ in Figure 15 in Figure 15 Moderate activator CaO and Na 2 SO 4 in FAC: If FA in concrete is activated moderately via adjusting the dosages and type of chemical ACs, the hydration of concrete is accelerated, its hydration heat increased suitably and the setting time of concrete reduced with a low degree, and more C-S-H can be obtained to improve the compactness of concrete at early stages, shown as Moderate activator CaO and Na2SO4 in FAC: If FA in concrete is activated moderately via adjusting the dosages and type of chemical ACs, the hydration of concrete is accelerated, its hydration heat increased suitably and the setting time of concrete reduced with a low degree, and more C-S-H can be obtained to improve the compactness of concrete at early stages, shown as ❹ in Figure 15 . The process is attributed to the combined activator CaO and Na2SO4 increasing the hydration reaction of the active Al2O3 and SiO2 of fly ash and the hydration products of cement. Meanwhile, lime CaO increases the reaction resource of the productions of hydrated calcium aluminate and hydrated calcium silicate. Moderate activator CaO and Na2SO4 in FAC: If FA in concrete is activated moderately via adjusting the dosages and type of chemical ACs, the hydration of concrete is accelerated, its hydration heat increased suitably and the setting time of concrete reduced with a low degree, and more C-S-H can be obtained to improve the compactness of concrete at early stages, shown as ❹ in Figure 15 . The process is attributed to the combined activator CaO and Na2SO4 increasing the hydration reaction of the active Al2O3 and SiO2 of fly ash and the hydration products of cement. Meanwhile, lime CaO increases the reaction resource of the productions of hydrated calcium aluminate and hydrated calcium silicate.
Conclusions
In this study, the influences of several main variables on the hydration heat, setting time, microstructure and crack-resistance properties of FACs/HVFAC are investigated. The main results and proposals can be drawn as follows:
(1) Fly ash can effectively decrease the release of hydration heat, and the hydration heat decreases gradually as the mass of fly ash increases. Meanwhile, the decrease in the magnitude gets smaller when the curing age increases.
(2) The combined activator CaO and Na2SO4 can effectively stimulate the activity of fly ash and decrease the setting time of FACs with the increase of the dosage of the activator. However, if the used dosage of the activator (Na2SO4) is too high, the hydration heat of the FA-PC system and the crack development of FACs both will increase with the activator.
(3) With the addition of fly ash, the initial and final setting times of FACs both increase distinctly. On the other hand, when activator CaO + Na2SO4 is used, the initial and final setting time of FACs both decrease as the dosages of activator increase. Based on this, this study considered that the initial and final setting times of FAC activated by CaO (10%) and Na2SO4 (1.5%) can be 80% of the predictions of Brooks' model and 1.3-times the proposed initial setting time, respectively.
(4) Fly ash activated by CaO + Na2SO4 can postpone the occurrence of initial crack, decrease the total cracked area of and maximum crack width of FACs/HVFACs. With the increase of curing time, the total cracked areas increase in FAC specimens with and without activator. When the dosage of activator Na2SO4 increases, the total cracked areas of and maximum crack widths of FAC both increase. 
(2) The combined activator CaO and Na 2 SO 4 can effectively stimulate the activity of fly ash and decrease the setting time of FACs with the increase of the dosage of the activator. However, if the used dosage of the activator (Na 2 SO 4 ) is too high, the hydration heat of the FA-PC system and the crack development of FACs both will increase with the activator.
(3) With the addition of fly ash, the initial and final setting times of FACs both increase distinctly. On the other hand, when activator CaO + Na 2 SO 4 is used, the initial and final setting time of FACs both decrease as the dosages of activator increase. Based on this, this study considered that the initial and final setting times of FAC activated by CaO (10%) and Na 2 SO 4 (1.5%) can be 80% of the predictions of Brooks' model and 1.3-times the proposed initial setting time, respectively.
(4) Fly ash activated by CaO + Na 2 SO 4 can postpone the occurrence of initial crack, decrease the total cracked area of and maximum crack width of FACs/HVFACs. With the increase of curing time, the total cracked areas increase in FAC specimens with and without activator. When the dosage of activator Na 2 SO 4 increases, the total cracked areas of and maximum crack widths of FAC both increase.
(5) Synthetically, comparing to other chemical activators in the paper, 10% of CaO and 1.5% of Na 2 SO 4 can be suggested as the most effective activator for obtaining appropriate hydration heat, setting time and the crack development rate of FACs/HVFACs using low calcium FA at early stages when FA replaces about 50% of PC.
